INTRODUCTION
Materials referred to as getters, degassers, absorbers, or scavengersl-3 are being used to control gas in vacuum tubes, glove boxes, and vacuum systems. The use of getters in transportation packaging, however, thus fm has been extremely limited. These materials have the capability to chemically bind the gases within themselves rather than by physical surface adsorption.
The chemical bonds formed during the reaction of the gas with the getter material may vary in strength.
In situations where chemical reactions have occurred during the gas adsorption process, i.e., where the getter material is transformed from the original composition to a new composition, strong chemical bonds are typically formed, and the getter is referred to as an irreversible getter. When the adsorbate gas forms a weakly bonded complex with the getter material, the getter is referred to as a reversible getter. The distinction between these getter materials is that reversible getters, upon the appropriate physical treatment, will revert to their original composition, allowing them to be regenerated and reused. The regeneration in all cases is accomplished by supplying sufficient thermal energy (heating) to decompose the weakly bonded getter/adsorbate complex. For example, with reversible getters, gaseous adsorbates such as water vapor, carbon dioxide, nitrogen, and hydrogen and its isotopes form hydrates, cabonates, nitrides, and hydride (deutende or tritide) compositions. Because both reversible and irreversible getters consume the gaseous species to form anew solid composition, the net process in sealed systems such as packaging is a reduction in the partial pressure. This is a desirable effect in sealed systems where gases are generated from radiolytic or thermal processes.
A dramatic example of such pressure reduction is the use of getters in the production of ultrahigh (>10-" Ton) and ultraclean vacul.lm! Because the main purpose of this paper is to discuss the potential use of getters for the mitigation of vessel pressurization that arises from radiolytic hydrogen production in transportation packaging, the remainder of the discussions will focus on hydrogen or tritiurn getter materials.
The accumulation of hydrogen is usually an undesirable occurrence because hydrogen buildup in sealed systems poses explosion hazards under certain conditions. Hydrogen scavengers, or getters, can avert these problems by removing hydrogen from these environments. Hydrogen and its isotopes can react with various chemical compounds to form hydrogen-rich chemical compounds, and when such compounds are formed with metals, they are referred to as metal hydrides.5 Alternatively, chemical compounds that contain unsaturated carbon-carbon bonds, such as alkenes (carbon-carbon double bonds) and alkynes (carbon-carbon triple bonds), as part of their chemical composition can form saturated carbon-carbon bonds or alkanes (carboncarbon single bonds) when catalytically reacted with hydrogen. Such reactions, however, are not spontaneous at ambient temperature and pressure in the absence of a catalyst. Typically, such reactions only occur in significant rates at elevated temperatures (>100"C), high pressures (>100 atmospheres), and in the presence of specific catalysts. These hydrogenation catalysts include the previously mentioned metal hydrides as the catalytic intermediate.
The most prominent metal hydrides used in such reactions are precious-metal hydrides such as ruthenium, rhodium, and palladium hydride. However, most of these catalytic reactions are homogeneous in nature, i.e., the hydrogenation reactions occur in solution. Heterogeneous catalysis (catalysis occurring at the solid/gas interface) is used extensively in the petrochemical industry for petroleum refting.
Since the potential pressurization occurring during the transportation of plutonium-bearing materials WN originate from solid/gas reactions, heterogeneous reactions must be considered. Such reactions form the basis of all hydrogen getter materials response, whether they are reversible or irreversible. k contrast to the previously described undesirable aspects of accumulated hydrogen, hydrogen storage in metaI hydrides is an ultimate goal in hydrogen-fiel-powered vehicles. The efficient usage of getters in these applications relies on materials that exhibit high hydrogen-to-metal ratios with complete reversibility of hydrogen adsorption/resorption at relatively low temperatures.
The getter scavenges hydrogen in a chemical reaction, and all chemical reactions are driven by a combination of thermodynamic and kinetic factors. The component that drives the speed of a reaction produces the kinetics of that reaction. Kinetics of chemical reactions usually exhibit Arrhenius behavior, i.e., they are activated by temperature.
With increased temperature, increased reaction rates are typically observed.
Depending on the type of getter material involved, there exists an optimum temperature range for optimum getter performance. In the case of reversible getter materials, that optimum temperature range usually spans several hundred degree centigrade, while the irreversible getters are restricted to temperatures near 100"C. Since the optimum hydrogen gettering temperature is dependent on the specific material, it is not possible to be more specific here. A discussion of temperature effects on getter performance will be made when specific hydrogen getters are described later in this report. It should be noted, however, that the optimum temperature is determined by the decomposition temperature of the getter/adsorbate complex. For reversible metal hydride getters, the decomposition temperature of the metal hydride provides some indication of the maximum temperature at which these materials can be used without significantly decreasing gettering performance.
For these materials, decomposition temperatures in excess of 500"C are typical. For irreversible systems involving organic compounds, decomposition temperatures are usually more than 150"C. The obvious explanation for these relatively low decomposition temperatures is that virtually all organic compounds undergo some thermal degradation at temperatures approaching 200"C. Thus, depending on the expected normal conditions of transport of a package, the selection of either irreversible or reversible hydrogen getter materials maybe required. If expected temperatures are considerably below 150"C, irreversible getters may be appropriate.
The opposite is certainly required when normal transport conditions exceed that temperature. Another selection criterion for getters will be the potential poisoning effect on getter materials of specific small molecular species. This issue and its effect on getter performance will be discussed in some detail in a subsequent section.
REVERSIBLE GETTER MATERIALS
The basis for the absorption of hydrogen by metals lies in the physiochemical properties of hydrogen. A key aspect of the chemistry of hydrogen is its dissociation and chemical bonding. The highly endothermic (heat absorbing) dissociation process for hydrogen provides an explanation for its low reactivity at low temperatures.
When catalyzed by transition-metal species, low reaction temperatures are possible because of the lower dissociation energy of the catalyzed reactions. The catalyzed reactions are thought7 to involve the splitting of hydrogen to form a hydride ion (H-), which binds to the metal catalyst. The hydride ion exists in saline (alkali) hydrides such as sodium and calcium hydrides. In contrast to hydrogen's ability to form ionic bonds with certain metals, the majority of metal hydrides contain an electron-pair bond, i.e., a hydrogen bond that has considerable covalent character. Thus the ability of hydrogen to exhibit a unique bonding arrangement with metals leads to numerous compounds, often nonstoichiometric in character discussed next.
In the case of transition metals, hydrogen reacts with these metals or their alloys on heating to yield compounds commonly called hydrides, even though in some cases they do not contain hydride ions.
Many of these metal hydride systems are very complicated, involving the existence of more than one phase and different stoichiometries.
The most extensively studied systems involve highly electropositive elements, such as the lanthanides and actinides, and the titanium and vanadium groups of the d-block transition metals.
Titanium, zirconium, and hafhium absorb hydrogen exothermically (heat evolved) to give materials such as TiH, and ZrH19. The affinity of many of the other d-block elements for hydrogen is small, with the exception of metallic palladium.8 In fact palladium was the earliestg recorded metallic absorber of hydrogen where the hydrogen-to-metal ratio was close to one. Since actinide hydrides are formed by heating the metal in a hydrogen environment, it is usefid to mention that uranium metal reacts rapidly and exothermically with hydrogen at 200 to 300°C to give a pyrophoric black powder.
Thus, elevated temperatures are typically involved to obtain high absorption rates. The adsorption reactions are reversible with the hydride decomposing at slightly higher temperatures to give reactive and extremely fine metal powders. A practical application of this reaction by uranium is its use in a tritiurn transport vessel,]o i.e., its use as a tritium getter. In fact, there is information available that describes the use of uranium as a tritium getter in fision technologies.l'
In the following discussions, selected types of hydrogen getters are described. The selection was based on good gettetig performance in certain applications or potential for improved performance. The composition of interrnetallic compounds can be generically described as AB, A2B, and AB@ypes, where A and B represent different metals.
Intermetallic Zirconium System
Intermetallic compounds such as zirconium-cobalt (ZrCo) and zirconium-iron-vanadium [Zr(FeV)2] have recently been studied as hydrogen getters.''-" ZrCo is an example of a binary intermetallic compound and has been described as a replacement for uranium as tritium getter. 12 It has also been reported as a new hydrogen getter in Lyman-u radiation sources.'3 A number of these intermetallics have the decided advantage over uranium in that their hydrides are much less pyrophoric than powdered uranium metal and its hydrides. ZrCo was also reported to exhibit up to 35 loading/deloading cycles at room temperature without loss in storage capacity or change in hydriding charactenstics.'4 The intrinsic stability of the completely hydrided phase, ZrCoH~, is indicated by the very low hydrogen pressure produced by its dissociation at room temperature.
An example of a ternary intermetallic compound is Zr(FeV)z. It has been suggested'5 that this ternary intermetallic getter can be used for tritium removal in high-field fhsion machines. A number of these binary and ternary intermetallics are manufactured by SAES Getters, Milan, Italy or Ergenics, Inc., Ringwood, NJ. In the case of the ternary interrnetallic, several alloys are available, with St7371c most closely resembling the elemental composition required for Zr(FeV)2.
Similar to uranium getters, zirconium alloys require high temperatures (> 300-400"C) to initially produce the activated getter, i.e., a getter having optimum hydrogen sorption capacity. Typically, evacuation is also required during the activation procedures to remove volatile chemical species. While the interrnetallic compounds maybe used with minimal or no activation steps, optimum storage capacity and hydriding kinetics are obtained after thermal activation. A partial explanation is that activation produces powders with small grain sizes having large surface area. For this reason, zirconium-based getters find ready application in high vacuum operation. Here removal of low molecular weight gases, i.e., oxygen, nitrogen, hydrogen, is the main concern since the highly reactive getter will form metal oxides, nitrides, carbides, and hydrides.
While metal carbides are least reversible upon heating, the relatively low thermal stability of metal hydrides provides a fair degree of reversibility, especially at higher temperatures and low pressures in the presence of hydrogen. Accidental introduction of air onto ZrCoH~results in self-accelerating reactions above 200"C. For example, the lowest temperature for a sustained self-accelerating reaction is 227°C and 727"C, respectively, for oxidation or nitriding to occur in ZrCoH~.*7
PNNL Composite Getter
SAES Getters manufactures binary zirconium-based getters; however, the reactivation or regeneration of zirconium getters must be pefiormed at high temperature in a vacuum or under an inert gas. Researchers at Pacific Northwest National Laboratories (PNNL)18 have recently described an all-metallic, air-operable, composite getter for hydrogen that can getter hydrogen in air or an inert atmosphere at ambient or elevated temperatures. PNNL has completed a year of engineering/fabrication development and performance testing for both absorption kinetics and capacity.
The primary target application is mitigation of hydrogen gas generation in waste storage drums during shipment, or dry spent fhel storage casks, with the goal to maintain container atmosphere at < 5°/0 Hz.
PNNL describes its getter design as follows:
The PNNL Composite Getter design is an all-metal, coated zirconium-based getter, with the metal coating providing a protective oxygen barrier while simultaneously allowing transport of hydrogen. A specific deposition method with specific parameters is used to lay down the protective metal layer of specific thickness. The coating minimizes passivation of the getter in air, oxygen, or moisture. The getter is shown to work in air at ambient temperature to 150-200"C. The measured hydrogen gettering rate, based on present data to date, ranges from 25-50 cc STP/day/kg (0.025 -0.050 cc STP/day/g) of getter directly in air. In inert atmosphere, such as in depleted spent fuel casks, the rate is higher by a factor of 1000. The hydrogen loading capacity of the getter is measured at 160 liters STP/lcg (O.160 liters STP/g) of getter, regardless of atmosphere.
With the coated two-piece getter design, it is currently believed that potential contaminating gases, such as halogenated volatile organic hydrocarbons, carbon monoxide, or moisture, will not affect getter kinetics or capacity, since the atmosphere never comes in contact with the actual getter surface. 1s
Magnesium Nickel System
Magnesium and magnesium alloys are extremely attractive as hydrogen getters because they can store more hydrogen by weight (3.6Yo) than most metal hydrides. However, the hydriding and dehydriding kinetics of magnesium are slow and the hydride is too stable for most practical hydrogen storage applications. By alloying with various additives, the kinetics can be improved at the expense of a reduction in the storage capacity. 19 The theoretical volume density of magnesium hydride is high (100-115 kg/m3) and exhibits long stabiIity.
The previously mentioned kinetic limitations can be overcome by coating the metal alloy with a high hydrogen permeability material such as palladium and by using nanometer size particles. Thus very fine particles of magnesium alloy, having a metal coating selected for compatibility during the hydride phase change expansion, would be expected to exhibit high volume efficiency and hydriding kinetics.
Lanthanum-Nickel System
Lanthanum pentanickel is a lanthanum-nickel alloy representing a class of AB#ype materials. These AB@ype hydrogen storage materials have some inherent advantages in contrast to the other types discussed previously, e.g., easy activation capability at ambient temperature, fiist reactivity at ambient temperature and pressure, and tolerance to gaseous impurities. Multiphase compositions of this material have exhibited -1.6 wt.OA hydrogen storage capacity.20 This storage capacity was the highest reported value for the LaNi~system.
Graphite Nanofibers
In contrast to hydrogen storage by formation of metal hydrides, the storage of hydrogen could also involve for the adsorption on various solids including carbon at cryogenic conditions. Since cryoadsorption requires extremely low temperatures, i.e., liquid nitrogen temperatures, such materials would not lend themselves readily to use in nuclear materials transportation vessels. However, the search for surface adsorbing media for hydrogen storage at room temperature has recently focused on graphite nanofibers. The preliminary report?' indicates that the solid absorber consists of very small graphite platelets, 30-500~in width, which are stacked in a perfectly arranged conformation. It was found that the material is capable of adsorbing and retaining in excess of 20 L (STP) of hydrogen per gram of carbon when the nanofibers are exposed to the gas at pressures of 120 atm at 25"C. This value is over an order of magnitude higher than that found with conventional hydrogen storage systems. In view of the conceptual similarity between graphite nanofibers and a novel class of carbonaceous materials such as fullerenes,22 it is tempting to envision similar and possibly greater hydrogen storage under these conditions.
As should be noted flom the previous discussions, the described hydrogen getters exhibit reversibility in absorbing hydrogen.
While this particular property of the getter is extremely important for vacuum and hydrogen-fuel storage applications, the reversibility of hydrogen gettering by the getter material is less of an issue when applied in packaging for the transportation of nuclear materials. The one-time usage of these materials, especially if storage of the nuclear materials is envisioned after the transportation campaign, would place less emphasis on the reversibility of hydrogen adsorption/desorption.
In fact, an argument could be made that irreversible gettering materials are more appropriate for transportation packaging applications. Getters of this type will be discussed next.
IRREVERSIBLE GETTER MATERIALS

Alkali-Metal Graphite Intercalation Compounds (AGIC)
Alkali metals such as potassium, rubidium, and cesium react with graphite23 to form complexes analogous to alkali salts, i.e., K+Cg-. The alkali metal effectively reduces the graphitic structure. The intercalation process by an alkali-metal involves insertion of the cation between the sheets of the graphite structure. The sorption and resorption of hydrogen by AGIC have recently been studied.24 These studies showed that hydrogen, oxygen, and carbon monoxide can be gettered by AGIC. Extremely large pumping selectivity for oxygen in a hydrogen-rich environment was found. However, the high reactivity of AGIC in air would require the presence of an inert atmosphere for operation as hydrogen getters.
Manganese Dioxide/Silver Oxide/Calcium Oxide System
This material has been described as a usefi.d tritiurn-getter for absorber rods in the transport and storage cask CASTOR BARRE?5 Manganese dioxide that has been catalytically activated with silver compounds exhibits excellent oxidizing capabilities for the cold burning of hydrogen even at ambient conditions. Laboratory experiments at the Nuclear Research Center KFA in Julich were performed to optimize the reaction material with respect to its capacity and reaction kinetics. According to the results of the expenments?s the reaction sequence can be described as follows:
Molecular hydrogen is catalytically dissociated at the contact surface between the manganese dioxide and the silver oxide particles. The hydrogen radicals formed by the catalysis then reduce the manganese dioxide (Mn02) particles to manganese sesquioxide (MnzO~), forming water in the process. Calcium oxide, a desiccating agent that is incorporated into the getter, removes the water that is formed by this reaction and any water vapor by forming calcium hydroxide. Laboratory tests demonstrated that the reaction material performed well at absorbing tritiated hydrogen (HT) and tritiated water vapor (T20 or TOH). As can be seen, the formulated material is a combination getter, i.e., a hydrogen and moisture getter. In a sense this material is a form of recombine.
A similar approach has been suggested2G for 1,4-bis(phenylethynyl)benzene (DEB) mixed with lithium or calcium hydride.
DEB System
DEB is an example of a crystalline organic hydrogen getter that will irreversibly remove hydrogen by the catalytic hydrogenation of carbon-carbon double or triple bonds in the getter. This material was first developed at Sandia National Laboratories in the late 1970's.27 The Honeywell Federal Manufacturing & Technologies, formerly the Allied-Signal Kansas City Plant, has had extensive experience in crystalline organic getter technology since 1978 by developing organic getters for the Department of Energy (DOE) Nuclear Weapons Complex.*s The compound DEB represents the fourth generation of getter development and is the standard DOE production hydrogen getter material. DEB is a nontoxic, nonmutagenic, crystalline, white solid that, when formulated with various catalysts, makes an irreversible hydrogen trap. The standard getter formulation has a capacity of 241 cc (STP) hydrogen per gram of getter. Pure DEB melts at 179°C, and filly hydrogenated 1,4-bis@henylethynyl)benzene melts at 87°C. The reduced product remains solid to at least 80°C. The reduction is exothennic, and its hydrogenation rate increases with hydrogen pressure. The getter works over a wide temperature range, although the hydrogen uptake is slower at low temperatures. The irreversible reduction of DEB getters is shown in the following equations:
4H2 + DEB + DEB(H,)
where R is a phenyl group. If the melting point of the reduced DEB product has the potential for introducing an operational constraint in a package, higher temperature versions of DEB, developed at Sandia are available?9
By weight the standard formulation consists of 75'% DEB and 25% catalyst (5Y0 palladium on carbon). Other formulations have been used for different applications, but this material represents the best balance between reactivity and cost. These materials effectively scavenge hydrogen, deuterium, and tritium. They usually use up more than 90'%0of their capacity when exposed to high or low concentrations of hydrogen and have been shown to be stable in the absence of hydrogen for up to 18 months (70°C, nitrogen).
When excess getter at room temperature is used, residual hydrogen concentrations are reduced to <10 ppm. Other hydrogen getter materials based on DEB have beeri formulated including polyethylene composite, urethane adhesive, and RTV castable silicone. In addition, polymer-based hydrogen getters, that rely on homogeneous catalytic hydrogenation of unsaturated organic polymers have been reported.30 These getters use an iridium-based catalyst because of its high activity in hydrogenation and its resistance to oxygen poisoning. Hydrogenation can be an extremely rapid reaction. Under ideal conditions, > 90°/0 of the hydrogen in the volume that contains the getter can be scavenged in 2 seconds. These rapid reactions occur only in the absence of other gases with a degassed getter; in the presence of air, the reaction is slower. More recently, Shepodd31 has patented polyrnerbased recombines that utilize palladium dispersed on carbon as a hydrogenation catalyst. In many applications, a slower reaction is desirable to prevent the melting or sintenng of the getter caused by the high exothennicity during rapid reactions. To avoid the sintering during rapid uptake of hydrogen, diluting the getter with inert material such as in a polymeric composite can be another strategy. As was mentioned above, DEB can be formulated into a combination hydrogen, water and oxygen getter especially for maintaining a dry, inert atmosphere over long periods in sealed containers. The combination getters contain water scavengers such as lithium hydride or calcium hydride. In essence, this approach is analogous to the Mn02/AgzO/Ca0 system described above. This approach has also been proposed by SAES to getter various gases at relatively high gas pressures. A fin-ther discussion of this type of a getter is presented below.
Cobalt Oxide/Calcium Oxide/Barium-Lithium Alloy SAES getters laboratories have developed a novel gettering system called the COMBOGETTERm, which is made up of three different active materials.32 This commercial getter is similar to the previously described manganese oxide/silver oxide getter and consists of a combination of three different getter materials integrated in a single construct. The cobalt oxide provides an efficient sorption speed and capacity for hydrogen. the calcium oxide component is a highly efficient dessicant that intercepts and adsorbs moisture, and the barium-lithium alloy adsorbs nitrogen and other active gases such as oxygen and carbon dioxide. In addition, these three component materials adsorb gases at room temperature.
Short air exposure up to 15 minutes is reported by SAES not to affect the getter's adsorption characteristics.
While the literature available from SAES recommends evacuation of the environment in which the COMBOGETTERm resides, conversation with representatives of SAES suggests that the getter might be used at atmospheric pressures. To determine whether this is actually the case, the getter will need to be evaluated under transportation conditions such as elevated temperatures and pressure. However, it should be obvious that the adsorption of gases in a closed systems could lead to a significant reduction in pressure, i.e., produce a vacuum in the primary container. The obvious advantage of this type of a gettering system is the removal of potential poisons to the active hydrogen gettering material, cobalt oxide. A fhrther discussion of this topic follows.
POISONING GETTER MATERIALS
Since metal hydrides are the active ingredient in certain getters, any formation of compounds other than metal hydrides leads to less adsorption capacity for hydrogen, which results in the deactivation or the poisoning of getters. Thus the formation of metal oxides, nitrides, carbides, sulfides, or other metal compounds within a reversible getter as a result of reactions with oxygen, nitrogen, carbon oxides, and sulfhr compounds could lead to a decrease in capacity and reversibility.
The formation of thermally stable oxides, nitrides, carbides, and sulfides leads to decrease adsorption of hydrogen. Depending on the composition of the getter, this poisoning may be limited because the hydriding reaction predominates, i.e., favorable thermodynamics. This is especially true if formation constants are significantly different at lower temperatures. Additionally, if the poisoning agents are only chemisorbed on the surface of the getter, the getter may be reactivated. If elevated temperatures exist, the migration of the poisoned surface into the bulk of the getter could also result in the regeneration of a fresh surface. Thus, depending on the composition of the hydrogen getter, poisoning may or may not lead to decreasing hydrogen adsorption.
Generally speaking, intermetallic iron-titanium alloys have been reported to suffer the most from poisoning reactions, while lanthanum-nickel alloys are relatively tolerant to
poisoning.
An understanding of the deactivation of intermetallic hydrogen getters involves understanding the mechanisms of activation for hydrogen absorption. A mechanism that has the greatest support for the activation process for the case of LaNi~and possibly for MgzNi is the surface segregation and catalysis model.
Other mechanisms include oxide layer cracking, permeability of surface oxide layers, and oxide layer dissolution mechanisms.
Irrespective of which mechanisms are operational in intermetallic hydrogen getters, the ability of hydrogen to readily form metal hydride will determine the rate that hydrogen is absorbed. In the following discussions, available information on the poisoning of hydrogen getters will be presented. Since the effects of various poisons on all the above materials have not been extensively examined, the discussions here will center on selected hydrogen getters where such information was available in the literature.
Zirconium-Cobalt System
Zirconium alloy getters such as ZrzFe at operating temperatures of 300-400"C have been reported33 to be essentially chemically inert to nitrogen. In addition, the alloy is not highly sensitive to impurities such as carbon monoxide, carbon dioxide, and ammonia. The inertness of
ZrzFe to these reactions is notable since zirconium metal itself reacts near 400°C with common contaminant gases such as oxygen, nitrogen, carbon monoxide, and carbon dioxide present in hydrogen strearns.34 Since ZrCo, a most promising getter for replacing uranium as a gette~s is similar to Zr2Fe, it may manifest a resistance to poison similar to that of the zirconium-iron alloy. Indeed, with ZrCo no reactions were reported to occur with nitrogen at normal operating temperature.3G At least at 300"C, the poisoning of ZrCo by nitrogen, carbon monoxide, and oxygen is not accompanied by a significant reduction in the reaction rate with hydrogen.37 Passivation at room temperature of metals and metal alloys is known to occur when the permeation of hydrogen atoms through existing surface oxide layers becomes rate determining. These results suggest that reactions by ZrCo with these gases inhibit rather than prevent hydrogen adsorption.
Magnesium-Nickel
The effects of foreign gases such as oxyge~nitrogen, carbon monoxide, and carbon dioxide have been studied for magnesium.38 Since studies concerning the poisoning of the intermetallic magnesium-nickel compound itself thus far have not been identified, the discussion here will deal with the effects of the main component in the intermetallic compound, i.e., magnesium. The effects of the four gases on magnesium were different: q oxygen reacted heavily with the metallic magnesium, but still allowed the formation of hydride at a reduced rate.
. nitrogen caused a slow-down in adsorption speed, but left the metal powder almost unchanged after resorption.
q carbon monoxide practically prevented hydrogen uptake.
. carbon dioxide in a concentration of 2°/0 totally prevented hydrogen uptake in magnesium.
It is interesting to note, however, that other potential poisons, such catalytic agents that can lead to the formation of metal hydrides at hydrogen pressures?9
as halogens, can act as lower temperatures and
Lanthanum-Nickel System
In a study40 where the effects of 300 ppm-levels of oxygen, water vapor, and carbon monoxide were investigated, it was found that LaNi~is only transiently poisoned by oxygen and water vapor. After an initial partial loss of capacity in oxygen or water, LaNi~almost completely recovers and then exhibits substantial immunity. However, carbon monoxide appears to be more detrimental to hydrogen adsorption by LaNi~, appearing to form a simple chemisorbed monolayer that leads to the formation of nickel carbonyl. This renders inactive the nickel atom sites at which catalytic dissociation of hydrogen occurs. These studies were carried out at 25"C, so elevated temperatures may lead to reduced poisoning by carbon monoxide.
DEB System
As a developer of the crystalline organic getter technology, Honeywell Federal Manufacturing& Technologies has developed considerable data on the poisoning of DEB. In order to develop a conceptual design for the HALPAK concept described in the next section, Westinghouse Hanford Co. asked Honeywell Federal to perform DEB inhibition testing.'] To quali@ the DEB getter for the environment in a typical radioactive transportation package involving high-activity radioactive liquid waste (HALW), two environments were simulated: (1) a vapor environment consisting of potential getter poisons, e.g., ammonia, nitrous oxide, and carbon monoxide, in a typical underground storage tank, and (2) the waste environment, consisting of a simulant nonradioactive synthetic liquid waste prepared from a hypothetical recipe representing a typical underground storage tank. Getter configurations included plain pellets or pellets sealed in polyolefin bags and a silicone rubber boot. As expected, the rate of hydrogen adsorption is slowed by the presence of liquid and bags which slows hydrogen difision through the liquid or the bag to the getter. The capacity of the getter, however, was not affected. Testing with gas mixtures that would be expected to be generated during transportation of radioactive liquid wastes indicated that only carbon monoxide would be of concern for this getter. When CO (10/0 by volume) was part of the gas atmosphere, achieving less than 0.1 % remaining hydrogen would take from 2 to 10 times longer, i.e., CO does not appear to poison the catalyst. The slowest rate observed in the study was expected to be several times fhster than the actual generation rate of both hydrogen and the carbon monoxide by this waste. Based on the test conclusions, the getter is not inhibited by the HALW or by the products associated with it, except for the rate reduction caused by the carbon monoxide. 41 The rate reduction will only slow down the reactio~not stop it. Thus, reaction kinetics determines reaction rates.
USE OF GETTERS IN PACKAGING
TRUPACT-11 is at least one example of a transportation package that could use getters to control hydrogen pressure generation. In fact, the schematics for the TRUPACT-11 show provisions for accommodating a getter (catalyst) in the upper and lower aluminum honeycomb spacer assemblies of the inner containment vessel.41 Formal incorporation of getters within the TRUPACT-11 is currently being proposed. Since the Safety Analysis Reports (SAILS) of the TRUPACT-11 have undergone a number of reviews by the Nuclear Regulatory Commission (NRC), it was important to attempt to ascertain the types of questions that the NRC would have concerning the use of getters in a package. While an attempt has been made in this paper to address these issues in some fwhion, each item will not be discussed specifically for each hydrogen getter at this time. The following list42 shows the nature of the NRC's concerns regarding the use of getters in the TRUl?ACT-11 or any other transportation packaging. Reversibility: Under what conditions will the getter release hydrogen, and could these conditions occur during transport? Temperature: What is the effective temperature range of the getter relative to the temperature conditions specified in 10CFR71 (-20"F to 100"F plus solar insulation)?
Humidity: What is the effect of water vapor on the getter? Will fi-ozen getter still work?
Location: Does the location of the getter matter? Consider stratification of the gases.
Z7iermal: Does the getter release/absorb heat? If so, is this factored into the thermal and structural analysis? DEB has been filly characterized for use within dry weapon environments.q
In addition, DEB has been characterized for use as a tritiurn getter!5 There is however, limited experience in using Honywell-Kansas City Plant getter technology with certified packaging. Sandia National Laboratones has obtained a DOE certification for the AL-SX (H1616) tritiurn container.4G This container supports the limited life exchange program for tritium bottles.
In addition to the tritiurn gas reservoirs for nuclear weapons, theAL-SX (H1616) is used to transport the Savannah River Site Hydride Transport Vessel. The design of the H1616 container uses two o-rings to provide a leak-tight containment vessel. Since tritiurn can permeate an elastomer O-ring, this could lead to a violation of the tritiurn containment criteria of 10 CFR 71 if the O-rings become exposed to the tritiurn environment. The solution was to fill the area between the inner and outer o-rings with DEB getter. The DEB would react with all the hydrogen (tritium in this case) escaping through the first O-ring and not allow any to reach the second O-ring.
In this application, the DEB is sealed in, protected by an O-ring from both the contents and the environment. 47 It is interesting to note that the certi@ng authority (DOE/Albuquerque) considers the tritiurn getter in the AL-SW3 (H1616-2) to be a filter, thus requirements of 10 CFR 71.5 l(c) are not met. Accordingly, transportation in the AL-SX/3 (H1616-2) is only allowed by an offsite transportation authorization rather than a certificate.48 DEB getter has also been successfidly used at Argonne National Laboratory/West to protect spent enriched uranium metal fuels from hydrogen and water corrosion. This application placed the DEB in direct contact with the dry fhel inside an O-ring sealed container.41
The TRUPACT-11 SAR sets forth the wattage limits for transuranic mixed waste drums destined for the Waste Isolation Pilot Plant in New Mexico.
These wattage limits are derived from estimates of the amount of hydrogen calculated to be generated by radiolysis during a 60-day shipping period. Personnel at Los Alamos National Laboratory (LANL)49 are working on two approaches to increase the wattage limits in the TRUPACT-11. The first strategy, which will not be discussed in detail, relies on the matrix depletion phenomenon that greatly reduces the potential for hydrogen generation, the second involves the investigation of the use of hydrogen getters to actively remove hydrogen from the headspace of the waste drums and/or the TRUPACT-11. LANL has been actively investigating the use of DEB as a possible hydrogen getter in TRUPACT-11.
Their testing program includes the effects of inorganic gases, halogenated hydrocarbons, alcohols, ketones, and aromatics on the performance of DEB. Preliminary results from the testing program showed50 that acetone, toluene, and methanol have no effect on the effectiveness of the getter. Similar to the previous discussion for the HALPK carbon monoxide was observed to result in a reversible inhibition in the LANL flow system. Carbon tetrachloride, on the other hand, had a dramatic detrimental effect on the gettering reaction. Spectroscopic analyses of the DEB after exposure to chlorinated organics indicated that chlorinated organics were not reacting with DEB by forming Pd-C1 salts. Preliminary tests using Tedlar@ as a filtering medium indicate that chlorinated hydrocarbons and carbon monoxide are preferentially filtered from the getter while hydrogen is passing through. The Tedlar@ seems to reduce the rate of gettering as a result of some reduction in the hydrogen diffius.ion rate to the getter compared with the gettering rate.50 These results suggest that protected DEB is a possible getter candidate for these plutonium-bearing materials.
Under contract from the operator of the Super-Phenex NERSA GNB Gesellschaft fiir NuklearBehalter mbH has designated and fabricated casks of the Type CASTOR BARRE to hold irradiated absorber rods from the fast breeder reactor SPX-1 .25 This cask is one member of a large CASTOR family of casks for the transport and dry storage of spent nuclear fiel and other high level radioactive materials.
This cask was developed in compliance with International Atomic Energy Agency (IAEA) Safety Series No. 6, the acceptance criteria of the interim storage site, and compatibility with the available handling installations.
The absorber rods contain boron carbide enriched in B-10 as absorbing material. Under the influence of radiation, tritium can be formed. According to burn-up calculations, a CASTOR BARRE cask loaded with 12 absorber rods may have a maximum tritium inventory of 1.6E15 Bq. Under dry storage conditions, the boron carbide will be locally heated to high temperatures by the decay heat from the tantalum pellets that are incorporated in the absorber rods. It is therefore not possible to exclude the possibility that part of the tritium inventoxy will be released into the inner cavity of the cask as gaseous tritiated hydrogen (HT) during interim storage.
The tritiated hydrogen released from the absorber rods could possibly permeate into the walls of the cask and may thus contaminate the bulk of the cast iron material.
The technical solution to overcome these problems was based on the idea of removing any tritium born the atmosphere inside the cask by oxidizing the released HT with an appropriate oxidizing agent, manganese dioxide. In a second step, the resulting tritiated water is removed by chemically binding it in a suitable drying agent, calcium oxide. Manganese compounds are much less likely to be poisoned by chemical species such as carbon monoxide. In fact, there are no known manganese-carbon monoxide complexes where manganese is in either the +2 or +4 oxidation state. Thus, this particular hydrogen mitigation material also appears to be a promising candidate for a plutonium transport package.
Remediation
of inventories of high-activity radioactive liquid waste (HALW) requires transportation of Type B quantities of radioactive materials, possibly up to several hundred liters. The only currently certified packaging is limited to 4 liter (L) quantities of Type B radioactive liquid in the PAS-1 cask. Scoping studies by the Westinghouse Hanford Co. and preliminary designs have identified the feasibility of retrofitting an insert into existing casks, allowing the transport of up to 380 L of HALW. This approach was referred to as the HALPAK concept.51 '52 The primary containment vessel for the HALW incorporates a gas mitigation system that includes a catalytic recombine and hydrogen getter.52 A gas-permeable splash shield covering a thin palladium plate that would enable hydrogen to permeate the isolated getter environment was proposed. The overpacks or secondary containment vessel envisioned for the HALPAK were the NuPac 72-B and the General Electric GE-2000. However, while the conceptual design studies for the HALPAK showed considerable promise, the regulatory climate and the lack of a clear-cut need for such a package ultimately prevented the fill development of this type of packaging.
Another example of transport packaging, which proposed the use of hydrogen mitigation devices, is the NuPac-125B. 53 The Certificate of Compliance (#9200) for this packaging describes the contents as by-product and special nuclear material in the form of irradiated fuel particles, partial fhel rods, partial assemblies, and core debris, including filter-aid materials. The cask was first developed for the massive stabilization and cleanup activities required after to the Three Mile Island Unit 2 loss-of-coolant accident.54 The interesting aspect of this particular cask is that it has the capability to ship wet demineralizing systems.
The cask fiu-ther includes pressure relief devices such as burst diaphragms and microporous graphite filters on each vessel to prevent the uncontrolled long-term buildup of non-recombinable gas mixtures. In addition, the canisters that will contain the contents actually incorporate catalytic recombines in their design. While catalytic recombines are not hydrogen getters fi-om a mechanistic perspective, the formation of surface metal hydrides is analogous to the fimction of hydrogen getters. This particular transportation cask thus appears to set a precedent for the use of pressure mitigating devices in transportation casks.
EFFECTS OF RADIATION ON GETTERS
The response of materials to bombardment with energetic particles, radiation or heavy particles, is known to be dependent on material parameters (e.g., structure, impurity concentrations, cohesive properties, etc.) and irradiation parameters (flux, fluence, imadiation temperature, irradiation atmosphere, ion mass, and energy, etc.). However, despite the large body of information that has been gathered, the different responses of different materials to irradiation still not understood in detail. In general, inorganic substances such as metals and oxides are more resistant to radiation than organic substances such as polymers. This stems from the fact that theradiolysis ofinorganic substances proceeds by defect formation which is energetically more difficult than the chemical-bond fragmentation produced by radiolysis of organic substances. Textbooks showing the radiation stability of various substances commonly reflect this stability order by indicating that plastics begin to be affected by gamma radiation doses in the range of 10b to 108 rad. For ceramics and metals this radiation dose level is in the range of 109 to 10*2rad. However, the stability order for plastics can be fhrther subdivided depending on the specific structure of plastic and type involved. For example, polytetrafluoroethylene (PTFE) is affected by gamma radiation dose levels as low as 104 rad, while polystyrene is resistant to 108 rad.
With regards to the previously mentioned hydrogen getters, limited information is available in the open literature. The obvious reasons for this sparse availability of information concerning radiation effects are that hydrogen storage materials were not intended for nuclear applications. However, the palladium-on-alumina catalyst used as a recombine in the NuPac-125B has been reported to have had the longest successfid history in highly radioactive environments55. In the case of DEB, Allied-Signal Aerospace has reported that they have fi.mctionally demonstrated that DEB can withstand radiation levels as high as 1 Grad. In the case of the Mn02-based getter, researchers at the Forschungszentrum Juelich in Germany have reported5G that the material is radiolytically stable at gamma-doses of 1 Mrad.
COMPATIBILITY OF GETTERS WITH THE PACKAGING
Prior to a discussion of compatibility issues, it is worthwhile to examine what is meant by compatibility. This will be done based on requirements given in packaging and transportation regulations of radioactive materials, i.e., 10CFR71 .43(d)57. The general standard that must be met specifies that the package must be made of materials and constructions that assure that there is no significant chemical or other reaction between packaging components and the packaging contents including possible reactions with that of water leaks into the package. Similar to the effects of radiation on getters, little information is available in the open literature for most of the getters discussed in this paper. Of all the previously described hydrogen getters, DEB has been most evaluated for compatibility with packaging materials. Its interaction with various chemical constituents was addressed in the section on getter poisons. Because DEB is a mixture of an organic compound with palladium metal on carbon, it is expected to be chemically inert with regards to metal containment vessels and thtmnal insulation materials. The effect of water on DEB will slow down the gettering action of the material but will not result in any chemical reaction with DEB.
In general, therefore, no reactions are expected between packaging components and DEB or the plutonium-bearing material contents in the package. A similar statement could be made for the PNNL composite getter. The getters are either metals, metal oxides, or organic materials and experience no incompatibility with any packaging components. Compatibility concerns could be an issue if water leaks into the package.
As previously mentioned, the submersion of the DEB getter in water will dramatically decrease the ability of the getter to absorb gaseous hydrogen since the gettering reaction would be extremely diffision limited. Reaction between the getter components and water is limited to reactive materials such as alkali metals and their oxides. From this reactivity perspective, the COMBOGETTERTM has the greatest disadvantage since it contains an alkali-metal alloy (BaLil) and calcium oxide. Both of these materials react with water, evolving heat in the process. In the case of the alkali-metal alloy, the chemical reaction with water will evolve hydrogen gas. However, since the active getter and alkali-metal alloy are encapsulated by the calcium oxide, the reaction with water may be significantly reduced. Experimental work will be needed to evaluate the magnitude of these reactions. A possible solution to these reactions is the further encapsulation of the getter that will limit the access of free water to the getter.
REGULATORY PRECEDENTS
In the NRC has not approved using hydrogen getters in packaging.58 Thus, no regulatory precedents for the use of getters in the U.S. currently exist. However, according to the NRC5* they have reviewed several applications proposing the use of getters.
The strength of the technical arguments made in the application for a package will determine whether regulatory acceptance is forthcoming. It would appear that, if the NRC's concerns outlined in the previous section could be adequately addressed in the packaging application, regulatory acceptance of getters or recombines might be attained.
DESIGN CONSIDERATIONS When the hydrogen getter is able to remove hydrogen-oxygen gases in a stoichiometic
2-to-1 ratio by forming water, the getter is referred to as a recombine, and provides a dual role. Materials in this category are precious metal such as palladium on solid supports like alumina. When nonstoichiometric net gas generation occurs, such as in cases where oxygen is being scavenged by the contents, hydrogen can buildup in excess. If the oxygen is sufficiently limited, there is little hazard from a flammability standpoint; however, excess hydrogen can cause overpressurization of the container and provides a potential for ignition if the container vents to the atmosphere or if air leaks into the container. To prevent the potential occurrence of such events, certain design features must be considered in the packaging. Among the issues that need to be considered for the incorporation of getters into a transportation package are getter bed design, getter bed fabrication, and getter bed location, and getter bed. These issues will be discussed below.
When wet conditions are expected, the getter must be one that will not react with water. A mixture of silicone-coated palladium catalysts, such as those developed by Atomic Energy of Canada Limited, have been found useful under very wet conditions.54 Since such conditions are not expected for the plutonium-bearing waste materials considered for transportation here, a large selection of getters is available.
The size and shape of the getter bed is related to the container design. Highly effective getter bed designs are thin (approximately l-cm thick) disk-shaped beds. When the getter is in the form of pellets, the getter bed is typically contained by a wire screen. Heavy wire (8-mesh) construction tiords maximum bed protection and a large, effective open area for gas diffision.
The getter bed location is an iinportant design consideration since it could affect the performance of the getter. In the TRUPACT-11 and the NuPac-125B, the getter beds were placed into both ends of the container.
The locations are shown in Figure 1 . It should be noted that in the TRUPACT-11 and the NuPac-125B the hydrogen getters are referred to as catalysts and recombines, respectively. While stratification of hydrogen is not expected in either package, the designers have relied on a $nnmetrical placement to avoid this problem should it occur. For the NuPac-125B, the possibility that a submerged getter bed could be produced by the wet contents of the canister necessitated the use of top and bottom beds in this particular design. Where water is totally absent, a single bed near the top of the container or the primary containment vessel is adequate.
Other getter bed locations could be used depending on the package design requirements. Figure 1 . Location of Getter in TRUPACT-11 (a) and . Note that getters are referred to as catalyst and recombine in these packages.
Specific design features for getter assemblies will depend on the physical form of the contents, the size, design and porting of the container, and the intended purpose (i.e., storage or transportation). However, the getter assembly located in a container of radioactive material for gas control should meet the following criteria: q The getter bed must be exposed to the gas/vapor space at all times.
. The amount of exposed getter required is proportional to the gas generation rate. The recommended ratio of bulk volume of the getter to the gas generation rate, in mL of getter per mL of hydrogen and oxygen gas produced per hour, is 1.0. Thus, a generation rate of 50 mL/h requires a 50-mL bed of getter.
. The recommended ratio of getter bed volume in mL to exposed surface area in cm2 is 1.0.55
Testing of the getter should be performed using a gas flow rate that is three times higher than those used to establish the size of the getter bed. Tests should also be conducted at temperatures below freezing to show that the getter beds, as designed, would remove gases at the design rate for at least a few weeks under low temperature conditions.
CONCLUSIONS AND RECOMMENDATION
NRC concerns include getter capacity, pressure effects, poisons, reversibility, temperature, humidity, location, and thermal effects on getter performance within the packaging. These concerns in general point to a choice for appropriate getters from the irreversible class of getter materials. Specifically, the getters that rely on the reduction of a metal oxide appear to offer certain advantages.
The getter chemistry of manganese oxides and cobalt oxides suggests minimal impact by pressure, poisons, reversibility, temperature, and thermal effects. Additionally, these getters contain drying agents that will chemically combine with water vapor, thereby removing this component from the packaging environment.
The commercial cobalt oxide getter COMBOGETTERTM is available fi-om S.M3S and appears to satis~many of NRC's concerns. However, the fact that this material, in addition to gettering potential poisons such as carbon oxides, hydrogen halides, hydrogen sulfides, will also getter the nitrogen and oxygen found in the air could pose problems. This gettering action might result in the evacuation of the primary container in the transportation packaging. In the packages,59 the cone closure lids maybe difficult to remove in the containment vessel.
To address the question of vacuum production in the case of the 9965-9975 family of f less than ambient pressures exist presence of the contents being contemplated in the 9965-9975 packages, some preliminary testing will need to be pefiormed to filly explore the feasibility of using materials such as either the manganese oxide or cobalt oxide system. The well-known organic hydrogen getters based on DEB or similar systems are another class of candidate getters for the 9965-9975 packages.
The relatively clean nature of the proposed contents in these packages in relation to potential gas generation also suggests consideration of organic hydrogen getters. The ability to form composites of DEB getters with silicone rubber or other encapsukmts could lead to selective removal of hydrogen thereby significantly reducing the potential deflagration risk. Researchers at PNNL recently developed a two-piece zirconium-based getter described as PNNL composite. The attractive feature of this getter is a coating that provides a protective barrier against gases that could poison the getter but that permits the transport of hydrogen to the getter surface. More important, this feature of the getter appears to allow its use at ambient temperature in air. A preliminary comparison of the PNNL Composite, DEB or similar polymer-based getters, manganese dioxide-based getters, and the COMBOGETTERTM is made in Table 1 . The basis for this comparison is NRC concern about getter usage in packaging. This preliminary comparison was made based on data currently available from the literature (see Bibliography). Further data may be contained in the safety analysis reports of specific packaging where getter usage is envisioned, e.g., latest SAIW revisions of TRUPACT-11, etc. Nevertheless, from the currently available literature, the gettering features of each getter were tabulated. Since answers to a number of regulatory concerns are currently unknown, it is not possible to identifi the best hydrogen getter candidate from this set of getters. Testing, or evaluation of existing test data, may enable the identification of a superior getter type. At this time, the PNNL composite getter, DEB or similar polymer-based getters, the Mn02 system, and the COMBOGETTERTM appear to be attractive candidates to help reduce pressurization fi-om radiolytic reactions in transportation packaging. If capacity and proven utilization in nuclear material packages are chosen as selection criterion, then DEB or similar polymer-based getters and Mn02 appear to be reasonable materials for firther investigation.
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